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ABSTRACT

This Technical Memorandum presents a method for the prediction
of the flight acceleration at the base of a spacecraft in boost configura-
tion from the flight data of another spacecraft using the same first-stage
booster. The predicted acceleration furnishes a rational basis for the
vibration specifications of the spacecraft. The method is illustrated
with the torsional acceleration of the Ranger and Surveyor spacecraft.
The study was made in three steps: In Step I, the pulsating tran-
sient acceleration, recorded at the base of Ranger during Flights VI
through IX (booster engine cutoff event), was analyzed. A pulse type
torque at the gimbal blocks of the Atlas engine was assumed to be
cause of the transient acceleration and was determined on an analog
computer. In Step II, this torque was applied on an analog model of
the Atlas/Centaur/Surveyor vehicle; the corresponding acceleration
at the base of Surveyor was deduced. In Step III, the attention was
focused on the implementation of the pulse test program. In addition,
recommendation for a sine sweep test was made by deriving a sine
level that is equivalent to the pulses.

I. INTRODUCTION

JPL TECHNICAL MEMORANDUM NO. 33-237

This Technical Memorandum describes the method fol-
lowed for the prediction of the flight transient torsional
acceleration at the base of the Surveyor spacecraft and
the later implementation of the vibration qualification
testing. Basically, the method uses the data recorded dur-
ing the boosted flights of the Ranger series, which ex-
hibited a strong vibration transient at booster engine
cutoff (BECO). This flight vibration was attributed to
a disturbance associated with thrust decay, and mani-
fested mechanically at the Atlas booster engine gimbal
blocks. Because both spacecraft (Ranger and Surveyor)

use essentially the same Atlas booster configuration, it
was assumed that the same character of disturbance
would occur for the Surveyor flight, inducing a torsional
acceleration at the base of the spacecraft. The prediction
of this acceleration, to be used for the specification of tor-
sional vibration requirements of the Surveyor test model,
is the first objective in this investigation. Then the analysis
was pursued to determine a pilot pulse signal, which was
used in the implementation of the pulse qualification test
and permitted a determination of the sine wave level for
the sine sweep qualification test requirement.
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Il. AVAILABLE DATA

The acceleration at several locations of the Atlas/
Agena/Ranger vehicle was recorded for different events
during the boosted flight of Rangers VI through IX. The
most significant level of torsional acceleration occurred
at BECO, the only event investigated here. Two different
sets of data were available in the form of recorded ac-
celeration time histories: the acceleration at the Ranger
adapter and the acceleration at the gimbal blocks of the
Atlas engine.

A tentative use of the acceleration at the gimbal blocks
revealed that the results obtained from it, according to
the method described later, were quite unrealistic. Several
objections were advanced to reject the gimbal block
flight acceleration as a useful source of data:

(1) The insufficiently refined mathematical model of
the structure in the vicinity of the gimbal blocks,
not accounting for local resonances.

(2) Cross-axis sensitivity of the accelerometers used.

(3) High-level noise environment effect on the ac-
celerometer sensitivity.

On the contrary, the accelerometers located at the
Ranger adapter were sufficiently far from the engine to be
insentitive to the objections just mentioned; consequently,
much confidence was placed in the flight acceleration at
the Ranger adapter. This acceleration was used as input
data for the problem at hand. Two accelerometers were
placed at two opposite locations of the adapter in order
to record, through telemetry, the tangential accelerations
a, and a, on magnetic tape. Then these accelerations were
properly combined on an analog computer at playback
of the tape to produce the angular acceleration §; of the
adapter in flight (Appendix A). This acceleration §, was
recorded on magnetic tape and was the input data for
the problem.

ill. METHOD

It appeared legitimate to assume that the transient ac-
celerations @, and a, (Appendix A) were due to a pulsat-
ing load applied at the gimbal blocks during the BECO
event. Although the loading is undoubtedly complex in
nature, the net effect at the Ranger adapter is unmistak-
ably a torsional oscillation. The exact mechanism produc-
ing this torsional acceleration is not fully understood,
but most likely results from a coupling between bending
and torsion of the entire vehicle (Ref. 1). However, no
mathematical model introducing this coupling had yet
been developed; therefore, a simplified model account-
ing only for the torsion was considered (Ref. 2), and an
equivalent unknown torque T = T(t) at the gimbal blocks
was assumed to be the cause of this acceleration. The
sequence of the operations performed in the study is
indicated in Fig. 1. In Step I, the unknown torque T is
determined from the data obtained during the Ranger
flights. In Step II, the torque T is then applied on the
Atlas/Centaur/Surveyor vehicle, and the time history of
the acceleration pulse at the Surveyor adapter is deter-

mined. In Step III, the pulse is simulated on the actual
Surveyor spacecraft mounted on a shake table. Since the
time histories of accelerations, torque, shaker voltage,
etc., are eventually needed, an analog technique which
gives directly those quantities in the form of electrical
signals is best suited for the problem. However, the large
number of degrees of freedom, one for each mass, intro-
duced in the spring mass model precludes the sole use
of the analog. Instead, a combination of analog and
digital techniques is used, and the advantages of each
technique are fully exploited.

First the digital technique, through the use of the
standard eigenvalue program, permits a substantial reduc-
tion of the basic number of degrees of freedom to a small
number of significant normal modes. Then the analog
computer can use this reduced number of modes most
advantageously to produce directly the desired time his-
tories and to allow for any variation of parameters. Fig-
ure 2 shows a block diagram of the analog setup.
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A dynamic mathematical model was constructed for
the Atlas/Agena/Ranger (Ref. 2), and a modal combina-
tion digital program provided the corresponding set of
normal modes. Eight of these modes were retained to
represent the structure in the frequency range from 12.6

to 147 cps and the accelerations at the adapter and
gimbal block locations. The forced vibration of the
structure in torsion can then be represented by a set of
uncoupled nonhomogeneous differential equations ob-
tained from the normal modes (Refs. 3 and 4), viz:

éii + Z&mi(]i + (D%C.Ii = ﬁ ’

i=123, - ,N
m;

(1)

where q; are the generalized coordinates (normal); o; the
natural frequencies; m; the generalized masses (in
torsion); £; the reduced damping; and ¢,; are the modal
displacements at the gimbal blocks. Since we are dealing
here with a free-free vehicle in torsion, the rigid body
mode (roll) must be considered. This mode is obtained
from Eq. (1) by setting »; = 0 and ¢,; = 1. Calling i =0
the rigid body mode, we have

. T
qO_ mo,

@)
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where m, is the roll mass moment of inertia of the com-
plete space vehicle. Let us note here that Eq. (2) is simply
Newton’s law for a rigid body rotation.

.. The angular acceleration §, at the Ranger adapter and
6, at the gimbal blocks are obtained by a linear com-
bination of all the modes including the rigid body mode.

A N (13
01 = ygo ¢15Qi, (3)
. L -
0, = E ¢2i.Qh (4)

where ¢,; are the modal displacements at the Ranger
adapter.

Noting that, for the rigid body mode, we have

$10 = ¢20 = 1, and substituting Eq. (2) into (3) and (4),
we obtain:

é‘l =

N
+ 2 $1:Gi, (5)

my,

. ¥
T =mef, — my I $2iGis. (6)

i=1

Written in terms of the Atlas/Agena/Ranger vehicle
characteristics, we finally obtain the set of Egs. (7)
through (16) (Appendix B).

g, + 475G, + 6250g, = —0.984 10-°T )

Go + 13.0g. + 46940, = —1.23  10-°T @)

ds + 20.8¢; + 120,700, = —0.604 10-°T (9)
4. + 2554, + 180,500, = —1.39  10-°T (10)
§s + 30.1¢; + 251,500q; = —0.825 10-°T (11)
s + 30.5G, + 255,600, = —1.38  10-°T (12)
qr + 41.84, + 483,100, = —1.32  10-°T (13)
s + 56.5¢, + 855,200q; = —0.855 10°T (14)

These equations were simulated on the analog computer.
The time scale factor from real time to computer time
was chosen at 32 to be compatible with the maximum
tape-recorder speed ratio. Consequently, all input and
output signals relative to the analog were recorded at
1% in./sec; the recorder was played back at 60 in./sec to
obtain the data in real time. The damping for these
modes was assumed to be viscous at 3% critical for all
modes. This value was found to be the most realistic
when comparing pulse shapes obtained on the computer
with the pulse shapes obtained in flight.

In the basic problem, the acceleration at the adapter §,
is given and the torque T is the unknown output; this case
corresponds to Egs. (1) and (5). Unfortunately, this set of
equations was found to be unstable on the analog as
could be expected from inspection of the homogeneous
solution, which has the form of a positive exponential
time function. This instability is due to the different signs
that the mode shapes ¢,; and ¢.; have for certain modes.
Looking at the problem from a different viewpoint, it was
recognized that the analog system would always be stable
if the input were the acceleration §, at the gimbal blocks
rather than the acceleration 6, at the adapter; ie., if
Egs. (1) and (6) were used rather than (1) and (5). The
stability of this system, (1) and (6), is ensured by virtue
of the same modal displacements ¢,; being used in both
equations, since input and output are taken at the same
location on the structure (i.e., the gimbal blocks).

However, as mentioned previously, the gimbal block
acceleration data were not usable; therefore, a synthetic
pulse signal was constructed to replace these gimbal
block data 6.. The synthesis was made in such a way
that the corresponding acceleration 6, at the Ranger
adapter would have the same shock spectrum (or at least
as close as could be) as the one obtained from the flight
acceleration at the same adapter. The damping coeflicient
for this shock spectrum computation was taken as zero.
The shock spectrum criterion was used here rather than
the more rational Fourier transform only for reasons of
expediency and simplicity. It is quite clear that the non-
unique relationship between the time history of the accel-
eration and the shock spectrum does impair the result;

T = 105,4006, + 10,3804, + 12,9505, + 63604, + 14,6604,
+ 8700¢,+ 14,5604, + 13,9004, + 90104, (15)

6, = 0950 10-°T — 0.126§, + 1.41§, + 0.343§, — 0.5784,
+ 0.1524; — 0.487§, + 0.415§,; + 0.163§, (16)




however, this objection was minimized by a choice of
physically realistic time functions.

Since the flight acceleration at the adapter was clearly
of a transient nature and the shock spectrum exhibited a
finite number of peaks, a pulse of the following form
was presupposed for 6, and constructed on the analog
computer

é-z =t X a;e 8 sin2xfit,

i=1

(17)

where f; corresponds to the frequency of each major peak
of the Ranger adapter acceleration §, shock spectrum
and # and B; are determined by trial and error. To facili-
tate this trial and error construction, it is noted that the
term a; is directly related to the amplitude of the peak at
fi, and B; is directly related to the width of the same peak.
The numerical values of the coefficients of Eq. (17) are
indicated in Appendix C.

Once the proper synthesis is made, g, is used as an in-
put for the Atlas/Agena/Ranger analog setup, i.e., Egs. (7)
through (16); then the torque T and the acceleration
8, at the adapter are obtained simultaneously. The three
signals (f,, T, and §,) were recorded on magnetic tape.
Figures 3 through 6 show the shock spectrum of the flight
accelerations at the Ranger adapter 6, together with the
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shock spectrum for the same accelerations obtained from
the synthetic input 6. It must be noted that the match-
ing of shock spectra for frequencies higher than 100 cps
was not attempted. The reason for this is two-fold:
(1) The mathematical model of the Atlas/Agena/Ranger
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needed upgrading for the high-frequency range; (2) The
high-frequency components of the signal are most likely
to be strongly affected by electronic noise. Several at-
tempts were made to match the high frequencies, but
the torque required to reproduce those frequencies was
found to be unrealistic.

B. Step Il

In the second step, the Atlas/Centaur /Surveyor vehicle
was analyzed. It was assumed that, since the thrust is a
characteristic of the engine with no effect of the structure
and since both vehicles (the Atlas/Agena/Ranger and the
Atlas/Centaur/Surveyor) make use of the same booster,
they were subjected to the same load at BECO event.

The analysis is similar to the one indicated in the first
step. Equations of the type (1) and (5) also hold for the
vibration of this structure; the only difference lies in the
coefficients and in the selected number of modes. Re-
written here for convenience, these equations are

Gi t+ 2¢i0iq: + 0¥q; =

¢2i T
m

i

(18)

» T LA,

00 = —E—u + i§1 ¢0iqi (19)
where 8, is the angular acceleration at the Surveyor
adapter (field joint), ¢,; are the mode shapes at the
adapter, and T is now a given function of time. Similarly

to the first step, the numerical coefficients for Eqgs. (18)
and (19) were derived from a dynamic mathematical
model (Ref. 2) representing the torsional characteristics
of the Atlas/Centaur/Surveyor vehicle and from which
the normal modes were obtained on a digital computer.
There were 15 modes selected and a damping of 3% criti-
cal was chosen for all modes (Appendix B). Equations
(20) through (35) represent these 15 modes and the accel-
eration at the Surveyor adapter.

Gi + 44G, + 5441g, = —0.237  10-°T (20)

G, + 47G. + 5843, = —0219  10-°T (1)

Gy + 5.4G, + 7985g, = —0.759  10-°T (22)

G. + 6.3G. + 11,140q, = —0.441  10-°T (23)
G, + 644, + 11,390, = —1.930  10-°T (24)
Go + 17.1G, + 81,490, = —0.803  10-°T (25)
G: + 2064, + 116,600g, = —0.226 10T  (26)
o + 2554, + 179.900g, = —2119 10T  (27)
Go + 26.4G, + 194,500g, = —0.205 10-°T  (28)
Gro + 36410 + 368,400g;, = —0.595 10T  (29)
Gu + 415Gy, + 477,700, = —0797 10T (30)
Gz + 49.04,; + 667,200g,; = —0.733  10-°T  (31)
Gis + 50.0:; + 694,600g,, = —0.761  10-°T  (32)
Grs + 54.6G1, + 830,200g,, = —0.264 10T  (33)
Gis + 59.6q,5 + 986,800g,; = —0946  10-°T  (34)

f,=0.540 10-°T + 0.1084, — 0.095§, -+ 0.0384,
+ 0.0824, + 0.358G; — 0.498; — 0.1644
+ 0.052§s + 1.347§, — 0.827G,, + 0.507¢,
+ 0.153§;. — 0.217§,5 — 0.860¢., + 0.341G,, (35)

These equations were then programmed on the analog
computer, and the system was driven with the torque T
recorded in Step I. The output of the analog represents
the sought prediction of the acceleration time history 6,
of the Surveyor adapter at BECO. This output was re-
corded on magnetic tape; Figs. 7 through 10 show the
time histories for ,, 6,, T, and 6, obtained from the data
of Rangers VI through IX.
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C. Step HlI

In this step, the attention was focused on the imple-
mentation of a test method to simulate the predicted en-
vironment on the actual spacecraft mounted on a shake
table. Since the transient nature of the test imposed spe-
cial constraints on the standard control system, a special
analog equalization technique was developed. Here again,
an analog computer solution was sought. An inverse
simulation of the test was done on the analog computer
in order to obtain the voltage to be applied at the arma-
ture of the shake table. To this end, the elastic character-
istics of the spacecraft were introduced together with the
electromechanical properties of the shakers and the fix-
ture.

Three 1200-1b-shakers placed 120° apart were used for
the test. The governing equations for the motion of the
system are (Appendix C)

[Me] (g} + [C]1{g} + [K*=]{q} = —{M°"}6,  (36)
T, = {Me)T {§} + M6, + Ko, (37)
e= %Ts + TLl—Te + 3al4, (38)

where

[Mee]= ,_\m,‘f\-l = the diagonal generalized mass matrix

of the spacecraft cantilevered at the
base (field joint)

[Cee]= '_\cif\_l = the diagonal damping matrix
[Kee]= r kifJ = the diagonal generalized stiffness
matrix

{q} = {g.} = the column of the generalized displace-
ment relative to the base

{Me7} = {me} = the elastic mode rigid body rotation
column.

M = the total moment of inertia of the spacecraft and
the shake table, including the fixture

f, = the given acceleration at the base
T, = the torque developed by the shakers
e = the armature voltage
A = the force/current coefficient
R = the resistance of each armature

L = the self-inductance of each armature

l = the distance from axis of rotation to the shakers

K = the elastic support in rotation

The matrices [M*?], [Ce¢], [K¢¢], and {M*"} were origi-
nally obtained from a modal survey of the spacecraft
(Ref. 5). However, this modal survey was made on a
spacecraft somewhat different from the tested spacecraft.
Consequently, [M¢¢], [Ce¢], [K*°], and {M*'} were sub-
sequently modified using the results of a low-level sine
sweep made on the actual mounting at the rate of 1 oc-
tave/min. Figure 11 (solid curve) shows a plot of the
armature voltage per unit angular acceleration in terms
of the frequency obtained during this test. First, an evalu-
ation of the coefficients of the matrices [Me¢], [Ce¢], [ Ke¢],
and {M*'} can be determined from this curve. To this
end, it is noted that:

(1) The position of the peaks is directly related to the
terms k°°.

40

e/éo, volts ~sec2/rad

H
_7

AT
ANALOG
ACTUAL TEST /]
2
0
10 20 40 60 100

FREQUENCY, cps

Fig. 11. Low-level sine sweep for Surveyor

11
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(2) The height of the peaks is directly related to the
terms me’.

(3) The width of the peaks is directly related to the
terms c¢%;.

Then the corresponding equations [(36), (37), and (38)]
were simulated on the analog computer and the relation-
ship between the armature voltage and frequency meas-
ured as shown by the equalization curve (dashed curve)
in Fig. 11. The coeflicients were finally adjusted to match
the two curves as closely as possible. The set of equations
obtained from this matching is indicated below.

¢ + 2.124, + 2818.5¢, = 5.50, (39)
. + 7.2q. + 14,200q, = 27.74, (40)
gs + 12.94, + 25,600q, = 17.34, (41)
gs + 1614, + 40,400q, = 15.04, (42)
s + 23.0g; + 51,000q; = 12.56, (43)
gs + 20.1g, + 60,310g, = 10.94, (44)
g. + 26.0¢. + 105,930q, = 6.56, (45)

s + 28.8G; + 130,104g5 = 0.58, (46)
s + 30.0g, + 142,121q, = 0.344, (47)

T, = —5.5¢, — 27114, — 17.3¢, — 1504, — 12.5§
— 10.9§, — 8.5§, — 0.58§ — 0.344, + 35756,

+1.905 10°, (48)

e=236L 10-3T, + 948 10-7T, + 430.56,  (49)

It is noted here that the coefficients of Egs. (46) and
(47) correspond to the original modal survey and have
not been modified by the sine sweep data, since the sine
sweep curve did not show any significant peak above 50
cps. Those two equations have very little influence on
the determination of the voltage ¢ and the torque T, (as
can be seen from the low value of the coefficients m¢’)
and could have been dropped. However, they were re-
tained because of their need in the equivalent sine sweep
determination.

The tape containing §, was played back on the analog
computer simulating Eqs. (39) through (49). The cor-
responding armature voltage e and the shaker torque T,

were then recorded on magnetic tape and are displayed
in Figs. 12 through 15.

SHAKER
TORQUE, in—-1Ib

SHAKER VOLTAGE,
volts

Fig. 12. Shaker time histories for Ranger Vi
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SHAKER
TORQUE, o
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SHAKER o = : EACT T Eeeaa
VOLTAGE, ] , ‘ Fﬁi‘?ﬁm__
volts
25x10%—
SHAKER
TORQUE, o—
in.—lb
Exec e
%@Eﬁﬂﬁaggﬁﬁ,
"3 5 ~%§ﬁ§%ﬁ@
. = SEE
] % %%@@@%gﬁg
SHAKER =
VOLTAGE, o—
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Fig. 14. Shaker time histories for Ranger VIl
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2.0X104——i-

SHAKER -
TORQUE, 0~
in.—Ib

40
SHAKER o
VOLTAGE,
volts :

—4 0.1 sec ‘4—

Fig .15. Shaker time histories for Ranger IX

IV. IMPLEMENTATION OF THE PULSE TESTING

All of the levels reported previously correspond to the flight prediction. How-
ever, to account for inaccuracies in the modal representations and in the Ranger
flight data, the amplitude-time histories of the synthesized torque were arbitrarily
doubled to inject an appropriate conservatism in the establishment of “limit loads”
and the associated “limit accelerations” at the field joint of the Surveyor adapter.
Then a factor of safety of 1.5 was used in defining ulimate conditions for the
structural qualification tests. Therefore, the structural qualification test level was
chosen to be three times the flight level. Figure 16 shows the four pulses repre-
senting the ultimate angular acceleration to be reproduced at the field joint of
the Surveyor adapter. Those pulses have the same shape as the one indicated
earlier; however, the scale is different in accordance with the required test level.
Two different methods were used for the implementation of the test:

(1) Method 1. Since the equalization was included in the construction of the
tape on the analog [Fig. 17(a)], the voltage tape e was played back through
the power amplifier without the use of any equalization circuit.

(2) Method 2. Tl_)e standard peak and notch equalizer was used, and the accel-
eration tape 6, was fed into the equalizer in series with the power amplifier

[Fig. 17(b)].

14
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rud/sec?

e

30—

i

PULSE | (]

fv

rod/ SOC?

PULSE 2 ()

rad/sec?

PULSE 3

rad/sec 2 ’

—{ Ol sec |<—

Fig. 16. Torsional pulse requirement, field joint acceleration

{a) METHOD | (NO EQUALIZER AND VOLTAGE TAPE)

g i

SHAKER

ACCELERATION
POWER AN
AMPLIFIER —r—= AT FELD
A JOINT

) METHOD 2 {STANDARD EQUALIZER AND ACCELERATION TAPE)

Q:Q

)

SHAKER
GAIN FOWER ACCELERATION
—( )—{ EQUALIZER AT FIELD
AMPLIFIER > JOINT

Q

Fig. 17. Pulse testing implementation
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V. RESULTS OF THE PULSE TESTING

The records of the acceleration, observed at the base of
the spacecraft for each pulse during the test, are shown
in Figs. 18 and 19. The shock spectra of these accelera-
tions, together with the shock spectra of the desired
accelerations, are shown in Figs. 20 through 23.

Method 1 gives the best agreement between the de-
sired shock and the observed shock spectrum for pulses
1, 2, and 3. Although the structure was also tested for
pulse 4, the record of the test was unusable. Instead, a

slightly higher level pulse from another test is indicated
on Fig. 23 to show that the shape of the spectrum is in
agreement with the spectrum of the desired pulse.
Method 2 also gives good results, although the shape of
the observed spectra does not match the desired spectra
with the same accuracy as for Method 1, especially in
the critical region around 19 cps for which the level is
two to three times lower. This relatively good fit of
Method 2 shows that the phase shifts introduced by the
peak and notch filters in the equalization process are not

rad/sec?
30—
PULSE | 0—
i
]
rod/sec?
30—
PULSE2  0—
!
rad/sec?
PULSE 3
PULSE 4

16

— Ol sec ,47

Fig. 18. Observed field joint acceleration, Method 1




rad/sec?

PULSE |

PULSE 2

Emmasssee

PULSE 4

Fig. 19. Observed field joint acceleration, Method 2
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Fig. 20. Field joint acceleration shock spectrum, pulse 1
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Fig. 21. Field joint acceleration shock spectrum, pulse 2 Fig. 23. Field joint acceleration shock spectrum, pulse 4
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critical as far as the shock spectrum is concerned. In
fact, this is to be expected, since the shock spectrum does
not take into account the relative phase of the frequency
components of a pulse.

Considering the level of the desired shock spectra (Figs.
20 through 23), it is essential for this test to focus one’s
attention to the low-level region below 30 cps rather than
the high-level region above 30 cps because the most
violent mode of excitation of the spacecraft occurs at
19 cps. The spacecraft responds almost exclusively to this
low-level region, as can be seen in Fig. 24, which repre-
sents the shock spectrum of the response of compartment
A to pulse 3, Method 1. This shock spectrum exhibits a
peak at 19 cps, with little response above this value,
although the shock spectrum of the base acceleration 4,
has a peak at 100 cps, which is ten times the level noted
at 19 cps. To be more general, this remark shows that the
highest peak of the base acceleration shock spectrum does
not necessarily impart the most critical load on the space-
craft and that the seemingly negligible low-frequency
part of the shock cannot be discarded, but must be faith-
fully reproduced in the pulse testing. Consequently,
Method 1, which reproduces accurately the level around
19 cps, gives a much better testing condition than Method

JPL TECHNICAL MEMORANDUM NO. 33.237
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Fig. 24. Compartment A acceleration shock
spectrum, pulse 3

2, which is markedly deficient in the low-frequency
region as noted previously.

VI. EQUIVALENT SINE SWEEP

Besides deriving the pulses used for the transient test-
ing, the method described also gives extremely valuable
data which can be used to formulate a sine sweep specifi-
cation. Such a specification, supplementing the pulse-test
definitions, can be justified pragmatically to account not
only for errors in modal frequency prediction, but also for
variations in modal frequencies among the space vehicles
in the Surveyor Project.

In the sine sweep test, a sinusoidal acceleration,
6 = Asin o, (50)

at a slowly increasing frequency « is imposed at the base
of the spacecraft. Choosing the proper level for the
amplitude A is always a difficult and controversial matter.
Here this level was determined from the modal response

Ggn(n=1,2,3,---,9) obtained during the simulation of
the pulse test on the analog, which corresponds to Egs.
(39) through (47). The pulse 6, was applied to the analog,
and the time history of §,, §», - - -, §, was recorded. Figure
25 shows a typical record obtained during the simulation.
From these records, the maximum (§3), . of each §, was
measured. Then the procedure was to replace the pulse
f» by the equivalent sine wave,

0 = ApSin ot (51)

at the natural frequencies v, of each mode. The unknown
amplitude A, of this sine wave was determined in such a
way that the amplitude of the sinusoidal modal response
Gn of the spacecraft at resonance in the sine test is equal
to the maximum pulse response for the same mode. To
this end, the driving force (51) is substituted into Eq. (36)

19
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(o) TYPICAL MODAL RESPONSE OF ONE MODE OF
VIBRATION OF THE SURVEYOR S-9 RESULTING
FROM A PULSE-TYPE LOADING

(b) SINE WAVE RESPONSE OF THE SAME MODE OF
VIBRATION OF THE SURVEYOR S-9 AS SHOWN
IN FIG. 1| AND EQUIVALENT IN AMPLITUDE TO
THE MAXIMUM MODAL RESPONSE

TIME

—® Ol sec ld—

Fig. 25. Sine wave sweep equivalence

rewritten for each natural frequency ,. Noting that at
resonance the inertia force is balanced by the spring
force, we have:

n=123, - -9
(52)

2 noaMq, = —MeTA,SIN 0,

where £, is the damping ratio for each mode. The cor-
responding acceleration ¢, is obtained by differentia-
tion of Eq. (52).

er
”n

9= " Dpmee (53)

A, cOS w,t,

Finally, the amplitude of Eq. (53) is equated to the maxi-
mum pulse response (¢),,,, to give

mee ..
A..=2£.‘|m—’;,l(q..),,,,,, n=12---.,9

(54)
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Fig. 26. Surveyor sine sweep recommendation
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method is entirely dependent upon the availability of
flight data and upon a mathematical model which is
sufficiently representative of the structures involved. Both
the quality of the data and its proper interpretation are,
of course, of paramount importance. In this respect, the
author stresses here that the mathematical model must
have a high degree of sophistication in the neighborhood
of the data transducers; otherwise local resonances will
not be accounted for, thus resulting in a sizable and
unacceptable degradation of the quality of the data. How-
ever, the model for the rest of the structure need not
have the same degree of sophistication.

The location of the transducers is also a very impor-
tant matter. Unfortunately, it is usually impossible to
know in advance, with enough certainty, which locations
would be the most appropriate, and the structural dy-
namicist should have the opportunity to revise the trans-
ducer locations late in the flight program, if needed, when
more knowledge of the structure has been gained.

Finally, it is well known that most of the flight disturb-
ances are transient in nature; therefore, pulse testing is
far more realistic than the sine wave sweep testing. An
equivalent sine sweep developed from the pulse data
has been proposed here; however, although this equiva-
lence has some rational basis, it is only an expedient which
cannot, in any way, truly simulate the pulse testing.

The method has been successfully proved here for the
Surveyor spacecraft, but is by no means restricted to that
particular hardware. The ideas expressed in this report
are rather general and should be beneficial for the evalua-
tion of the dynamical behavior of other spacecraft struc-
tures as well.

In closing, mention is made that additional work is
currently underway using the Fourier transform ap-
proach; this will put the analysis on a better footing and
produce a method more flexible in its application.

APPENDIX A

Determination of the Input Data

Two accelerometers (Nos. 1 and 2) were diametrically
located inside the Agena/Ranger adapter to record the
accelerations in flight (Fig. A-1). The accelerometers

ACCELEROMETER |,
CHANNEL Il

ACCELEROMETER 2,
CHANNEL 12

Fig. A-1. Accelerometer location
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were mounted to give linear tangential accelerations a,
and a, both positive in the same tangential direction.
The combination of the accelerations a, and a, was done
at playback of the tape on an analog computer to obtain
the angular acceleration 4,, according to

a1Gq + azaz

é.l = d , (A-l)

where d is the distance between the two accelerometers
and «, and a, are weighting coefficients. The coefficients
a; and a, were introduced to account for the geometric
and elastic dissymmetry of locations 1 and 2. For a com-
pletely symmetric situation and a perfectly rigid adapter,
we would have a; = a; = 1. The coefficients «; and a,
were evaluated from a sinusodial excitation made at the
first torsional natural frequency, f = 66.4 cps, of the space-
craft cantilevered on the adapter at joint 5 (Ref. 2).
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Table 1. Equivalent sine sweep characteristics

, Ranger VI data Ranger Vil data Ranger Vil data Ranger IX data
L1
i (@) s rch /sec’ (@), rch o @) .. ra: /tec (@) 0. m:;;“z
8.45 83.5 0.61 83.5 0.61 100 0.73 66 0.48
19.0 361 0.78 361 0.78 486 1.05 398 0.86
25.5 232 1.08 232 1.08 318 1.48 202 0.94
320 234 1.25 234 1.25 334 1.78 166 0.89
36.0 215 1.73 208 1.67 304 2.43 176 1.46
40.0 230 1.69 238 1.74 368 2.70 229 1.68
51.8 200 2.45 262 3.22 308 3.80 230 2.82
57.4 15.0 2.09 15.0 2.09 18.0 2.48 14.0 1.93
60.0 12.5 2.94 9.0 2.10 13.0 3.06 10.5 2.47

Table 1 shows the different values of (§a), . for each
pulse of Rangers VI through IX and the corresponding
equivalent sine sweep level A,. Figure 26 shows a plot
of A, versus natural frequencies. An envelope of the data
points can be used to determine the level of the sine
sweep specification. Note that the data points at 57 and
60 cps correspond to the uncorrected equations, (46) and
(47), and consequently do not have the same accuracy as
the rest of the points on Fig. 26.

It must be noted here that the equivalent sine sweep, as
shown, gives a test requirement which is on the con-
servative side, since during the sine sweep test the struc-
ture will respond in the vicinity of each natural frequency
with a level close to (G,),,,. for several cycles, while in the
actual flight (and pulse test), it will reach the level (§.), .
only once. The number of cycles of the sine excitation

clearly depends upon the sweep rate; intuitively, this
conservatism will be somewhat relaxed by choosing a
high sweep rate as opposed to a quasi-steady sine wave
as is usually done.

Finally, it is important to note that the equivalence
treated previously is a crude means of testing, primarily
intended to make use of the existing sine sweep facilities
for simulation of pulse testing. Also, it must be realized
that no steady (or quasi-steady) sine wave excitation can
produce the same effect as a pulse. One of the basic
reasons is that a pulse excites a number of modes simul-
taneously, while the slow sine wave sweep gives dominant
excitation in only one mode at a time. Here again, it can
be expected that a sufficiently high sweep rate for the
sine wave excitation would widen the range of frequencies
through the buildup effect and make the test more realistic,
although not quite equivalent to the pulse testing.

Vil. CONCLUSIONS

A rational approach for the prediction of the flight
acceleration of a spacecraft and the corresponding imple-
mentation of the vibration test requirement has been
introduced here. Briefly, the method is an interplay be-
tween the flight data and the structures to yield rational
means for writing and implementing the vibration speci-

fications. It is not pretended that the method tested here
for the Surveyor spacecraft is quite universal, but it
represents, as far as the writer knows, a unique attempt
to advance the state-of-the-art in deriving a vibration
specification and in implementing the qualification test
program. It is essential to say that the success of the
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During this test, it was found that the reading of ac-
celerometer 1 was 1.26 times the reading of accelerometer
2, clearly showing the dissymmetry indicated previously.
The modal excitation also showed that the accelerations
at the adjacent spacecraft feet (A and D) were nominally
four times the accelerations 1 and 2. This was attributed
to the flexibility of the adapter and the mounting
brackets. Therefore, to account for this local flexibility, a
new joint (No. 43, Fig. A-1) was introduced at the level of
accelerometer 2 in the mathematical model of the Agena
vehicle (Ref. 2). Accordingly, joint 43 became the data
pickup station and the reading of accelerometer 1, which
is above joint 43, had to be corrected. The correction
was made according to the relative readings of accel-
erometers 1 and 2, assuming that if accelerometer 1 had

been placed geometrically and elastically symmetric with
respect to accelerometer 2, it would have read the same
amplitude during the modal test. Consequently, the co-
efficients &, and «, are

1
& =735 = 0795, (A-2)

a = 1.0. (A-3)

After substituting into Eq. (A-1) and noting that
d = 60.25 in., we obtain:

6, = 5.1a, + 6.4a,. (A-4)

APPENDIX B

Modal Representation of the Structures

A. Atlas/Agena/Ranger

The dynamic model representing the torsional char-
acteristics of the Atlas/Agena/Ranger vehicle is a 47-
degree-of-freedom spring mass system. The details of
this model are indicated in Ref. 2. It is simply mentioned
here that special attention was placed on the proper
modeling of the Atlas engine and the Agena adapter. The

first 11 normal modes corresponding to this model are
indicated in Table B-1.

The two modes at 12.02 cps and 53.90 cps were not re-
tained for the problem, since the product ¢,; ¢.;, which
commands the response of any particular mode, was
much smaller for those two modes than for the other

Table B-1. Normal modes for Atlas/Agena/Ranger

ﬂ:;::_ Joint 41
$., cps @1, rad/sec accelerometers Gimbal blocks B1s Pas
b1i Pai
o° 0 1 i 1
12.02 75.52 —0.172 10* —0.137 107 0.0236 107%
12.58° 79.04 0.126 107 0.984 10°° 0.1240 10
34.48° 216.6 0.141 107! —0.123 107 —1.7300 107
53.90 338.7 —0.414 107 0754 10°° —0.3121 10°%
55.29° 347.4 0.343 107 —0.604 107 —0.2070 10™
67.62° 4249 0.578 107 0.139 107 0.8030 10°*
79.82° 501.5 0.152 107 —0.825 107 —0.1250 10
80.46° 505.5 —0.467 107 —0.138 107 0.6400 107
110.62° 695.0 —-0415 107 0.132 107 —0.5480 10°*
147.18° 924.8 0.163 107 —0.855 107 —0.1394 107
¢ Selected modes,
Note: m = 1.0,i=1,2, * * * ; my = 105,400 lb-in.-sec’.
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modes. Substitution of the numerical value of Table B-1
into Egs. (1), (5), and (6) leads to Egs. (7) through (16).

B. Atlas/Centaur/Surveyor

The dynamic torsional model corresponding to the
Atlas/Centaur/Surveyor is a 66-degree-of-freedom spring
mass system (Ref. 2).

The first 27 normal modes are shown in Table B-2.
Only 16 modes were retained; the selection was based on
the product ¢y; ¢.;. All modes for which the product
doi ¢2; is smaller than 0.2 10-° have been discarded.
Substitution of the numerical values corresponding to
these 15 modes into Eqs. (18) and (19) leads to Egs. (20)
through (35).

Table B-2. Normal modes for Atlas/Centaur/Surveyor

..loin'. '|_6 Joint 26
$;, cps m:/ﬁ,"‘ Field joint Gimbal block D2 Pos
Poi Pai
0* 0
8.45 53.09 0.32393 10° —0.43615 10° —0.14128 107
11.74° 7376 0.10840 107 —0.23721 107 —0.25714 10°°
12.00 75.47 0.33197 107 0.15829 10°® 0.52547 107
12.17¢ 76,44 0.95338 10 0.21914 10° 0.20892 10°°
12.54 78.76 0.30693 10°* —0.56252 107° —0.17265 107"
14.22¢ 89.36 0.38167 10°° —-0.75921 107° —0.28977 107
16.80" 105.5 0.81889 10° —0.44056 10° —0.36077 10°°
16.98° 106.7 0.35791 107 -0.19327 107 —0.69173 10°°
23.58 148.2 0.15257 107 0.34364 107 0.52429 10°°
35.81 2250 0.47065 107° 0.46710 10™ 0.21984 107
38.78 243.6 0.14301 10°° 0.13196 107 0.18871 10"
45.43° 285.5 0.49796 107 0.80271 107 0.39972 10°°
48.07 302.0 —0.20366 107 —0.16443 10 0.33488 10°°
5177 325.3 0.19141 107 —0.a7316 107 —0.33145 107
54.35° 341.5 —0.16377 107 —0.22556 107° 0.36940 10°°
55.54 349.0 —0.17567 10°° —0.17029 10 0.29915 107
57.36 360.4 0.18347 107 —0.10780 10™* —0.19778 10
57.98 364.3 0.15627 107 —0.55802 10°* —0.87202 107
67.50" 4241 0.51868 107° —0.21188 107 —0.10990 107°
70.19" 441.0 0.13474 10! —0.20455 10° —0.27561 107
79.97 502.5 0.93115 10 —0.12717 107 —0.11841 107°
96.60° 606.9 —0.82726 107 —0.59479 10°° 0.49204 107
110.0° 691.2 0.50664 107* —0.79742 107° —0.40400 10°°
130.0° 816.8 —0.15283 107 0.73311 10°° —0.11204 10°°
132.6° 833.4 —0.21674 107 —0.76145 10°° 0.16504 10°
145.0° 911.) —0.85950 107 —0.26403 10°° 0.22693 10°
158.1° 993.4 —0.34112 107 0.94587 10°° —0.82265 107
4Selected modes.
Note:m; = 1.0,(i=1,2, * * * ,9); mo = 185,000 Ib-in.-sec’.
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APPENDIX C
Coefficients for Synthesized Pulses 0,

n
9, =1t aieBifsin2xf;t (rad/sec?)
i=1

Flight f:, cps a;, rad/sec’ B, Flight f;, cps a;, rad/sec’ Bi,
Ranger V! 8 —24.45 20.6 Ranger Vil 20 100.0 40.6
20 —24.45 14.6 38 —60.0 127
47 —40.75 20.6 43 —105.2 1.2
67 —97.80 146 50 1440 14.4

85 48.90 26.6
61 36.0 191

95 —130.40 17.8
71 300.0 19.2
Ranger Vii 8 —40.0 20.2 90 560.0 40.6

20 18.0 20.2
31 10.0 20.2 Ranger IX 12 —20.5 22.2
51 95.0 20.2 24 16.4 19.0
64 350 20.2 37 —246 15.9

72 20.0 20.2
53 61.5 15.9

82 70.0 20.2
% 0.0 20.2 68 51.25 14.6
13 70.0 20.2 o4 636 287

Derivation of Eqs. (36), (37), and (38)

A. Structural System

Here again, it is most convenient to express the
dynamic characteristics of the spacecraft by means of the
normal modes (Fig. D-1). The cantilevered configuration

e

t m;
q;

3 , >
S, e <
ee 2 k; 4 4

<
Ci < p

<
<
1

almimnnilmtmnmineeeeww

Fig. D-1. Schematic representation of cantilevered
spacecraft by its normal modes

(i.e., the spacecraft rigidly mounted on its base) has been
chosen here for convenience. The upper part of the
adapter was taken as an integral element of the space-
craft, the field joint becoming the fixed station. We first
write the matrix equation representing the free vibration
of the structure, viz.,

[Me] {G} + [C*] {q} + [K*]{a} =0, (D-1)

in which [M¢¢] is the diagonal generalized mass matrix;
[Cee] is the diagonal generalized damping matrix; [K¢°] is
the diagonal generalized stiffness matrix; and {q} is the
column of the generalized coordinates relative to the
base.

Then the spacecraft is mounted on the shake table
(Fig. D-2) and a base rotation 6, is allowed to take place,
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Fig. D-2. Schematic representation of spacecraft
mounted on shake table

giving an unrestrained free system. The equations of
motion are (Ref. 6):

Mt M 6, 0! 0 (6, 0} 0 (6,

St Sebaiuiel oty i sl Eebel Sl D atui e o ok Sttt Pty SEH |

Mer: Mce] (‘]' O:Cee q O:K” 2q$
(D-2)

where M’ is the total moment of inertia of the space-
craft and all the moving parts of the shake table, {M¢")
is a column representing the coupling between the elastic
modes and the rigid body rotation, and the row (M7°)
is the transpose of the column {Me¢r},

It is recalled that the terms of the column {M¢} are

my = S Midin (D-3)
1

where ¢, is the modal displacement of the i** mass m;

in the n'* cantilever mode.

Finally an external torque T, is applied on the base by
means of the armature of the shakers, which also provide
a stiffness k between the table and the ground (Figs. D-3
and D-4). The forcing function corresponding to the base
rotation 4, is

Fo=T,— Kb, (D-4)

with
K = 3kL, (D-5)
where [ is the distance from the axis of rotation to the
shakers (Fig. D-3). All other generalized forces corre-
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FIXTURE

SHAKER RIGIDITY 4/

Fig. D-3. Schematic mounting of shakers on fixture

sponding to the coordinates {q} being zero, the matrix
equation of motion for the forced vibration of the system

18:
it e
P eyotu ) weel Gl B
Merl Mee b 0 :
01 0 7 0 T, — Ko,
R0 FO S b - S R (D-6)
0!Ke || g 0

B. Electrodynamic Equations

The torque T is applied by means of three identical
shakers placed 120° apart around the base of the space-
craft (Fig. D-3). We have:

T, =3I\ (D-7)
where i is the armature current; A is the force/current
coefficient; and [ is the distance from the axis of rotation.

The three shakers are electrically connected in series;
therefore, Ohm’s law, corrected for the back electro-
motive force Alf, due the armature motion is:

. di .
e = 3Ri + 3L I + 3Al4,,

(D-8)
where R is the electrical resistance of each armature; L is
the armature self-inductance; and e is the total voltage ap-
plied by the power amplifier on the armatures (Fig. D-5).
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Fig. D-4. Testing assembly
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Fig. D-5. Series circuit for armatures

Expanding Eq. (D-6) and eliminating i between (D-7)
and (D-8), we obtain Egs. (36), (37), and (38).

C. Numerical Values

The nominal electromechanical characteristics of the
shakers are: (Ref. 7)

Force current A = 30.20 Ib/amp

coefficient = 134.5 newton/amp
Weight w=1751b
Mass m = 7.935 kg
Resistance R = 3 ohm
Inductance L = 0.012 henry
Rigidity k =360 Ib/in.

= 63,000 newton/m

Distance from axis l=42in = 1.068 m

212 0 0 0

0 720 0 0

0 0 129 0

0 o0 0 161
[Cel=| 0 o0 0 0 23

0 0 0 0

0 0 0 0

0 0 0 0

L 0o o 0 0

28

o o0 0o 0 o o o

The metric system of units (MKSA) has been used here
in parallel with the British system because the former is
the most convenient for electromechanical problems.
However, the MKSA system was used only as an inter-
mediate step; the torque T, in Eqs. (48) and (49) has
been reconverted in inch-pounds for ease of interpreta-
tion. The total mass moment of inertia M"" is:

Mrr = 3575 Ib-in.-sec?.

The breakdown of this M is:

Components Pound-inch-second?
Spacecraft 2199
Armature 240
Connecting rod 211
Plate slider 85
Fixture 840

3575

The matrices [Me¢¢], [C¢], [K*¢], and {M*"} are:

10000000 07
010000000
001000000
000100000

[Me]=]0 000 100 00
000001000
000000100
000000010
00000000 1|

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

20.1 0 0 0

0 260 0 0

0 0 288 0

0 0 0 300




[ 2818.5 0 0 0 0 0 0 0 0 7
0 14,200 0 0 0 0 0 0 0
0 0 25,600 0 0 0 0 0 0
0 0 0 40,400 0 0 0 0 0
{Kee] = 0 0 0 0 51,000 0 0 0 0
0 0 0 0 0 60,310 0 0 0
0 0 0 0 0 0 105,930 0 0
0 0 0 0 0 0 0 130,104 0
L 0 0 0 0 0 0 0 142,121 |
- 55
—-27.7
-17.3
~15.0
{Mer} = (—125
—10.9
- 6.5
— 0.58
— 0.34

When substituted into Egs. (36), (37), and (39), all of the previous numerical
values give the set of equations (39) through (49).
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